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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to 
perpendicular magnetic recording heads for applying 
perpendicular magnetic fields to recording media such as 
disks having hard layers. More particularly, the present 
invention relates to a perpendicular magnetic recording head 
in which the height and the width in the track width 
direction of a main pole layer are controlled within 
predetermined ranges and to a method for making the 
perpendicular magnetic recording head. 

2. Description of the Related Art 

Perpendicular magnetic recording technology has been 
applied to recording devices which record high density 
magnetic data on recording media such as disks. Fig. 28 is 
a cross-sectional view showing the structure of a typical 
perpendicular magnetic recording head employed in such a 
device . 

As shown in Fig. 28, a perpendicular magnetic recording 
head H is disposed on a side face of a slider 1 which floats 
and moves over a recording medium. For example, the 
perpendicular magnetic recording head H is disposed on a 
side face la of the slider 1 between a nonmagnetic layer 2 
and a nonmagnetic coating layer 3 . 
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The perpendicular magnetic recording head H comprises 
an auxiliary pole layer 4 and a main pole layer 5 both 
composed of a ferromagnetic material. The main pole layer 5 
is disposed on the auxiliary pole layer 4 with a gap 
therebetween. An end face 4a of the auxiliary pole layer 4 
and an end face 5a of the main pole layer 5 are exposed at 
an opposing face Ha opposing a recording medium M. The 
auxiliary pole layer 4 and the main pole layer 5 are 
magnetically connected at a magnetic connection portion 6 

U some distance inward from the opposing face Ha. 

□ A nonmagnetic insulating layer 7 composed of an 

fu 

inorganic material such as A1 2 0 3 , Si0 2 , or the like, is 
,',p disposed between the auxiliary pole layer 4 and the main 

ii" pole layer 5. An end face 7a of the nonmagnetic insulating 

!:£ 

bj layer 7 is also exposed at the opposing face Ha between the 

j'J end face 4a of the auxiliary pole layer 4 and the end face 

j;T 5a of the main pole layer 5. 

A coil layer 8 composed of a conductive material such 
as copper is embedded in the nonmagnetic insulating layer 7 . 

As shown in Fig. 28 , the thickness hw of the end face 
5a of the main pole layer 5 is smaller than the thickness hr 
of the end face 4a of the auxiliary pole layer 4. The width 
of the end face 5a of the main pole layer 5 in the track 
width direction, i.e., the X direction in the drawing, is a 
track width Tw. This width is sufficiently smaller than the 
width of the end face 4a of the auxiliary pole layer 4 in 
the track width direction. 
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The recording medium M on which magnetic data is 
recorded by the perpendicular magnetic recording head H 
moves in the Z direction relative to the perpendicular 
magnetic recording head H and has a hard layer Ma on the 
surface and a soft layer Mb provided under the hard layer Ma. 

When the coil layer 8 is energized, a recording 
magnetic field is induced between the auxiliary pole layer 4 
and the main pole layer 5. A leakage recording magnetic 
field between the end face 4a of the auxiliary pole layer 4 
and the end face 5a of the main pole layer 5 perpendicularly 
passes through the hard layer Ma and the soft layer Mb of 
the recording medium M. Because the area of the end face 5a 
of the main pole layer 5 is sufficiently smaller than the 
area of the end face 4a of the auxiliary pole layer 4, the 
magnetic flux 4> will be concentrated to the portion of the 
hard layer Ma opposing the end face 5a of the main pole 
layer 5. As a result, the magnetic data is recorded on the 
portion of the hard layer Ma opposing the end face 5a by the 
magnetic flux <I> . 

Fig. 29 is a diagram illustrating a step of a method 
for making the perpendicular magnetic recording head shown 
in Fig. 28 . 

The main pole layer 5 is formed by plating, as shown in 
the drawing, using a resist layer not shown in the drawing. 
Subsequently, a portion 9a of a plating base layer 9 formed 
on the nonmagnetic insulating layer 7, the portion 9a being 
formed in the region not overlaid by the main pole layer 5 , 
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is removed by milling. Thus, the portion 9a is prevented 
from coming into contact with the lead layer for supplying 
electric current to the coil layer 8, and the electrical 
characteristics of the layer can be maintained at a 
satisfactory level. 

However, referring to Fig. 29, during milling of the 
portion 9a, the top face of the main pole layer 5 is milled 
as well, resulting in a decrease in the height of the main 
pole layer 5 from LI to L2 . A decrease in the height of the 
main pole layer 5 will result in a decrease in the area of 
the end face 5a and thus degradation of the overwrite 
characteristics . 

Moreover, removing the portion 9a will result in an 
increase in the track width Tw due to the adhesion of the 
material constituting the portion 9a onto two side faces 5b 
of the main pole layer 5, as indicated by arrows B. Adhered 
layers 9b on the two side faces 5b must be removed. 

During removal of the adhered layers 9b by milling in 
directions A shown in Fig. 29, the top face of the main pole 
layer 5 is also milled, further decreasing the height of the 
end face 5a. 

To meet the need for higher-density recording, the 
track width needs to be reduced. However, even when the 
track width Tw is reduced by milling the two side faces 5b 
of the end face 5a of the main pole layer 5 in an angled 
direction, the top face of the end face 5a is also removed, 
resulting in a decreased height which will result in the 



degradation of the recording characteristics such as the 
overwrite characteristics. Also, controlling the area of 
the end face 5a within a predetermined range has been 
considerably troublesome. 

As described above, according to the structure of the 
typical perpendicular magnetic recording head shown in Figs . 
28 and 29, the adhered layers 9b on the two side faces 5b of 
the main pole layer 5 cannot be removed and the track width 
of the main pole layer 5 cannot be made smaller while 

U maintaining the main pole layer 5 at a predetermined height. 

□ In other words, it has been impossible to separately control 

ru 

Nfl the height and the width in the track width direction. 

M 
if 
W 

SUMMARY OF THE INVENTION 

j.y It is an object of the present invention to provide a 

U . 

}fi perpendicular magnetic recording head comprising a mam pole 

layer having a reduced track width and a method for making 

such a head. According to the present invention, a 

nonmagnetic layer is formed on the main pole layer so that 

the adhered layers on the two side faces of the main pole 

layer can be removed while maintaining the main pole layer 

at a predetermined height. 

To achieve the above object, an aspect of the present 

invention provides a perpendicular magnetic recording head 

comprising: an auxiliary pole layer; a main pole layer; and 

a coil layer for providing a recording magnetic field to the 

auxiliary pole layer and the main pole layer. A front end 
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face of the auxiliary pole layer and a front end face of the 
main pole layer are exposed at an opposing face of the 
perpendicular magnetic recording head opposing a recording 
medium. These front end faces are separated by a gap 
therebetween. The coil layer is located inward in the 
height direction from the opposing face. The perpendicular 
magnetic recording head writes magnetic data on the 
recording medium by a perpendicular magnetic field 
concentrated to the main pole layer. The perpendicular 
.U magnetic recording head further comprises a nonmagnetic 

□ layer formed on the main pole layer and a connection layer 

i'U 

Ifl extending from the auxiliary pole layer and bexng 

!,* 

magnetically connected with the main pole layer. The 

hi 

connection layer is located inward in the height directxon 

fy from the opposing face, and the coil layer surrounds the 

!>* 

j<ri connection layer. 

I : f In the present invention, the nonmagnetic layer is 

formed on the main pole layer, as described above. The 
nonmagnetic layer functions as a cover for protecting the 
main pole layer during milling. While maintaining the main 
pole layer at a predetermined height, layers adhered to the 
two side face of the main pole layer during milling of the 
plating base layer can be suitably removed, and the track 
width Tw of the main pole layer can be further reduced. The 
track width and the height can be separately controlled. 

According to the present invention, the front end face 
of the main pole layer can be formed into a desired 
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dimensions, the area of the front end face can be easily 
controlled, and various characteristics such as the 
overwrite characteristics can be improved. 

Preferably, the nonmagnetic layer comprises a 
nonmagnetic metal material. Preferably, the main pole layer 
and the nonmagnetic layer are formed by plating. In this 
manner, the main pole layer and the nonmagnetic layer can be 
sequentially formed by plating, thereby simplifying the 
manufacturing process. 

Preferably, the main pole layer and the connection 
layer is magnetically coupled via a yoke layer. 

Preferably, the front face of the main pole layer 
exposed at the opposing face is of a shape in which the 
width in the track width direction increases towards the top 
face of the main pole layer. The two sides in the track 
width direction of the front end face are preferably tilted, 
and are either straight or curved. 

The perpendicular magnetic recording head may further 
include a plating base layer comprising a magnetic material. 
The main pole layer may be disposed on the plating base 
layer, and at least part of each of the two side faces of 
the plating base layer in the track width direction may be 
extended beyond an end of the bottom face of the main pole 
layer in the track width direction. The extended part is 
controlled to a predetermined length so that the extended 
part does not protrude from the recorded track width Twl of 
the recording medium when a skew angle is generated during 



recording on the recording medium. With this structure, 
fringing can be prevented, and off -track performance can be 
improved. Note, that the shape of the front end face of the 
main pole layer is limited to the shape in which the width 
in the track width direction increases towards the top of 
the main pole layer. 

The perpendicular magnetic recording head may further 
comprise a plating base layer comprising a magnetic material. 
The main pole layer may be disposed on the plating base 
layer, and the two side faces of the plating base layer in 
the track width direction and the two side faces in the 
track width direction of the main pole layer may lie on a 
continuous plane. The width in the track width direction of 
the plating base layer may be equal to or less than the 
width in the track width direction of the bottom face of the 
main pole layer. With this structure, fringing can be more 
suitably and securely prevented. The shape of the front end 
face of the main pole layer may not be formed into the 
above-described shape. The front end face may be square or 
rectangular shape. If no skew angle is generated during 
recording, fringing can be prevented and off- track 
performance can be improved. 

Preferably, the main pole layer is formed on a plating 
base layer comprising a nonmagnetic metal material. The 
width of the plating base layer comprising the nonmagnetic 
metal material may be larger than the width in the track 
width direction of the bottom face of the main pole layer. 



Since the plating base layer comprises a nonmagnetic metal 
material, fringing will not occur even when the plating base 
layer protrudes from the recorded track width Twl . Thus, 
off -track performance can be improved. 

Preferably, the saturation magnetic flux density of the 
main pole layer is higher than the saturation magnetic flux 
density of the yoke layer. Since the main pole layer and 
the yoke layer can be formed separately, different magnetic 
materials can be used to form these layers. Moreover, a 
magnetic material exhibiting high saturation magnetic flux 
density can be used in the main pole layer. 

In the present invention, a perpendicular magnetic 
recording head according may further comprise an insulating 
layer embedding the coil layer, the insulating layer being 
disposed on the auxiliary pole layer and having the top face 
flush with the top face of the main pole layer. The yoke 
layer may be formed on the top face of the insulating layer 
and the top face of the connection layer and has a front end 
face located inward in the height direction from the 
opposing face. The main pole layer and the nonmagnetic 
layer may extend from the top face of the insulating layer 
to the top face of the yoke layer, the nonmagnetic layer 
being disposed between the front end face of the yoke layer 
and the opposing face. 

Preferably, the front end face of the yoke layer is 
tilted in height direction toward the top face of the yoke 
layer and is either flat or curved. This structure is 



disclosed as a first embodiment in Fig. 1. 

In the present invention, the perpendicular magnetic 
recording head may further comprise: a first insulating 
layer embedding the coil layer, the top of face of the first 
insulating layer being flush with the top face of the 
connection layer, the yoke layer being formed on the top 
faces of the first insulating layer and the connection layer, 
a front end face of the yoke layer being disposed inward in 
the height direction from the opposing face; and a second 
insulating layer provided between the front end face of the 
yoke layer and the opposing face, the top face of the second 
insulating layer being flush with the top face of the yoke 
layer. The main pole layer and the nonmagnetic layer may 
extend from the top face of the second insulating layer to 
the top face of the yoke layer. The front end face of the 
yoke layer is preferably tilted in the height direction 
toward the top face of the yoke layer and is preferably flat 
or curved. This structure is disclosed below as a second 
embodiment in Fig. 2. 

Preferably, the area of the yoke layer is larger than 
the area of the main pole layer in a cross section taken at 
an overlapping region of the yoke layer and the main pole 
layer and in the direction parallel to the opposing face. 
In this structure, the flow and the efficiency of the 
magnetic flux from the yoke layer to the main pole layer can 
be improved. 

Another aspect of the present invention provides a 
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method for manufacturing a perpendicular magnetic recording 
head. The method comprises the steps of: 

(a) forming an auxiliary pole layer using a magnetic 
material ; 

(b) forming a connection layer on the auxiliary pole 
layer at a position inward in the height direction from an 
opposing face of the perpendicular magnetic recording head 
opposing a recording medium, forming an insulating 
underlayer on the auxiliary pole layer between the opposing 
face and the connection layer, forming a coil layer on the 
insulating underlayer, and filling the space surrounding the 
coil layer with an insulating layer; 

(c) milling the top face of the insulating layer so as 
to make the top face flush with the top face of the 
connection layer; 

(d) forming a yoke layer on the insulating layer, the 
yoke layer extending up to the region above the connection 
layer, a front end face of the yoke layer being disposed 
inward in the height direction from the opposing face; 

(e) forming a plating base layer on the insulating 
layer and the yoke layer, forming a resist layer on the 
plating base layer, and forming an opening in the resist 
layer, the opening extending from the opposing face over the 
insulating layer and the yoke layer; 

(f) seguentially forming by plating a main pole layer 
and a nonmagnetic layer comprising a nonmagnetic metal 
material in the opening and removing the resist layer; and 
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(g) milling the two side faces in the track width 
direction of the main pole layer and the two side faces in 
the track width direction of the nonmagnetic layer. 

In the method, the main pole layer and the nonmagnetic 
layer are sequentially formed by plating in the opening 
formed in the resist layer during step (f) . The main pole 
layer can be maintained at a predetermined height during 
step (g) of milling the two side faces of the main pole 
layer and the plating base layer since the top face of the 
\,A main pole layer is protected by the nonmagnetic layer. Thus, 

Q the track width can be reduced and a narrow-track 

l.fj perpendicular magnetic recording head can be manufactured. 

»P Preferably, a portion of the plating base layer not 

Ly 

,, overlaid by the main pole layer is milled while keeping the 

ry portion of the plating base layer overlaid by the main pole 

iQ layer in step (g) above. The top face of the nonmagnetic 

j;J layer is also milled during step (g) . Since the top face of 

the main pole layer is protected by the nonmagnetic layer, 
the main pole layer can be maintained at the predetermined 
height, and the plating base layer can be suitably removed. 

Moreover, after the removal of the portion of the 
plating base layer, layers adhered to the two side faces of 
the main pole layer can be suitably removed while 
maintaining the main pole layer at the predetermined height. 

As described above, according to the manufacturing 
method of this invention, the track width can be reduced and 
the adhered layers on the two side faces of the main pole 
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layer can be removed while maintaining the main pole layer 
at a predetermined height. Thus, the present invention 
enables separate control of the track width and the height 
of the main pole layer. 

In the present invention, step (d) may be omitted, and 
step (e) may include forming a plating base layer on the 
insulating layer, forming a resist layer on the plating base 
layer, and forming an opening in the resist layer, the 
opening extending from the opposing face over the insulating 

j iS & layer and the connection layer. 

i;3 

q In the manufacturing method, step (e) may be replaced 

i ; y 

Iff by the steps of: 

V (h) filling the space surrounding the yoke layer with a 

second insulating layer, milling the top face of second 
jly insulating layer to make the top face flush with the top 

r : -Z face of the yoke layer; and 

j ; "f (i) forming a plating base layer over the second 

insulating layer and the yoke layer, forming a resist layer 
on the plating base layer, and forming an opening in the 
resist layer, the opening extending from the opposite face 
over the second insulating layer and the yoke layer. 

Preferably, steps (e) and (i) include forming an 
opening in the resist layer, the opening having a width in 
the track width direction increasing toward the top of the 
resist layer at least at the opposing face. 

In this manner, the front end face of the main pole 
layer can be formed into a shape in which the width in the 
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track width direction gradually increases toward the top 
face of the main pole layer. 

Preferably, the plating base layer comprises a 
nonmagnetic metal material . With a nonmagnetic metal 
material, control of etching process can be simplified 
compared to the case in which a magnetic material is used 
for the plating base layer. 



BRIEF DESCRIPTION OF THE DRAWINGS 
!,i Fig. 1 is a vertical cross-sectional view of a magnetic 

;;g head incorporating a perpendicular magnetic recording head 

fy 

m according to a first embodiment of the present invention; 

„f; Fig. 2 is a vertical cross-sectional view of a magnetic 

Ul 

head incorporating a perpendicular magnetic recording head 

I. A 

j,y according to a second embodiment of the present invention; 

■~ Fig. 3 is vertical cross-sectional view of a magnetic 

i'f head incorporating a perpendicular magnetic recording head 

according to a third embodiment of the present invention; 

Fig. 4 is a partial front view of the perpendicular 
magnetic recording head of the present invention; 

Fig. 5 is another partial front view of the 
perpendicular magnetic recording head of the present 
invention; 

Fig. 6 is a plan view of the perpendicular magnetic 
recording head shown in Figs. 1 or 2 ; 

Fig. 7 is another plan view of the perpendicular 
magnetic recording head shown in Fig. 1 or 2 ; 
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Fig. 8 is another plan view of the perpendicular 
magnetic recording head shown in Fig. 1 or 2 ; 

Fig. 9 is another plan view of the perpendicular 
magnetic recording head shown in Fig. 1 or 2 ; 

Fig. 10 is a plan view of the perpendicular magnetic 
recording head shown in Fig. 3; 

Fig. 11 is an illustration explaining generation of a 
skew angle in the magnetic head of the present invention; 

Fig. 12 is a diagram showing a step a method for 
manufacturing the perpendicular magnetic recording head of 
the present invention; 

Fig. 13 is a diagram showing a step subseguent to the 
step shown in Fig. 12; 

Fig. 14 is a diagram showing a step subsequent to the 
step shown in Fig. 13; 

Fig. 15 is a diagram showing a step of manufacturing 
the perpendicular magnetic recording head shown in Fig. 1; 

Fig. 16 is a diagram showing a step subsequent to the 
step shown in Fig. 15; 

Fig. 17 is a diagram showing a step subsequent to the 
step shown in Fig. 16; 

Fig. 18 is a diagram showing a step subsequent to the 
step shown in Fig. 17; 

Fig. 19 is a diagram showing a step subsequent to the 
step shown in Fig. 18; 

Fig. 2 0 is a diagram showing a step subsequent to the 
step shown in Fig. 19; 
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Fig. 21 is a diagram showing a step subsequent to the 
step shown in Fig. 20; 

Fig. 22 is a diagram showing a step subsequent to the 
step shown in Fig. 21; 

Fig. 23 is a diagram showing a step of manufacturing 
the perpendicular magnetic recording head shown in Fig. 2 
subsequent to the step shown in Fig. 14; 

Fig. 24 is a diagram showing a step subsequent to the 
step shown in Fig. 23; 

Fig. 25 is a diagram showing a step subsequent to the 
step shown in Fig. 25; 

Fig. 2 6 is a graph showing the magnetic recording 
characteristics of the perpendicular magnetic recording head 
in which a magnetic plating base layer remains at the region 
not overlaid by the main pole layer; 

Fig. 27 is a graph showing the magnetic recording 
characteristics of the perpendicular magnetic recording head 
in which a nonmagnetic plating base layer composed of a 
metal material remains at the region not overlaid by the 
main pole layer; 

Fig. 28 is a vertical cross-sectional view showing the 
structure of a related art perpendicular magnetic recording 
head; 

Fig. 29 is a front view showing a step of manufacturing 
the related art perpendicular magnetic recording head shown 
in Fig. 28; and 

Fig. 30 is an illustration for explaining the 
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generation of the skew angle in the related art 
perpendicular magnetic recording head. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 is a vertical cross-sectional view showing the 
structure of a magnetic head comprising a perpendicular 
magnetic recording head according to a first embodiment of 
the present invention. 

A perpendicular magnetic recording head H shown in Fig. 
1 applies a perpendicular magnetic field to a recording 
medium M to magnetize a hard layer Ma of the recording 
medium M in a perpendicular direction. 

The recording medium M is disk shaped. A hard layer Ma 
exhibiting high residual magnetization is provided on the 
surface of the recording medium M, and a soft layer Mb 
exhibiting high permeability is provided under the hard 
layer Ma. The recording medium M is rotated around the 
center of the disk. 

A slider 11 of the perpendicular magnetic recording 
head H is composed of a ceramic material such as Al 2 0 3 -TiC. 
An opposing face 11a of the slider 11 opposes the recording 
medium M. The slider 11 is lifted from the surface of the 
recording medium M and slides over the recording medium M by 
an airflow caused by the rotation of the recording medium M. 
In Fig. 1, the recording medium M moves in the Z direction 
relative to the slider 11. The perpendicular magnetic 
recording head H is provided at the trailing end of the 



slider 11. 

A nonmagnetic insulating layer 54 composed of an 
inorganic material such as Al 2 0 3 or Si0 2 is provided on a 
side face lib of the slider 11. A reading section H R is 
formed on the nonmagnetic insulating layer 54. 

The reading section H R comprises, from the bottom, a 
lower shield layer 52, a gap layer 55, a magnetoresistive 
element 53, and an upper shield layer 51. Examples of the 
magnetoresistive element 53 are anisotropic magnetoresistive 
(AMR) elements, giant magnetoresistive (GMR) elements, and 
tunneling magnetoresistive (TMR) elements. 

A nonmagnetic insulating layer 12 composed of an 
inorganic material such as Al 2 0 3 or Si0 2 is formed on the 
upper shield layer 51. The perpendicular magnetic recording 
head H of the present invention is arranged on the 
nonmagnetic insulating layer 12. The perpendicular magnetic 
recording head H is coated by a protective layer 13 composed 
of an inorganic nonmagnetic insulative material. An 
opposing face Hla of the perpendicular magnetic recording 
head H opposing the recording medium M is substantially 
flush with the opposing face 11a of the slider 11. 

In the perpendicular magnetic recording head H, an 
auxiliary pole layer 21 composed of a ferromagnetic material 
such as permalloy (Ni-Fe) is formed by plating. 
■ Alternatively, the lower shield layer 52 may function as the 
auxiliary pole layer 21. The nonmagnetic insulating layer 
12 is formed under the auxiliary pole layer 21, i.e., at the 



space between the auxiliary pole layer 21 and the side face 
lib of the slider 11, and around the auxiliary pole layer 21. 
As shown in Fig. 1, a surface (top face) 21a of the 
auxiliary pole layer 21 and a surface (top face) 12a of the 
nonmagnetic insulating layer 12 are flush with each other. 

As shown in Fig. 1 , in a region some distance inward, 
i.e., in the Y direction in the drawing, from the opposing 
face Hla, a connection layer 25 composed of Ni-Fe or the 
like is formed on the surface 21a of the auxiliary pole 
layer 21. 

In the vicinity of the connection layer 25, insulating 
underlayer 26 composed of Al 2 0 3 or the like is formed on the 
surface 21a of the auxiliary pole layer 21 and on the 
surface 12a of the nonmagnetic insulating layer 12. A coil 
layer 27 composed of a conductive material such as Cu is 
formed on the insulating underlayers 26. The coil layer 27 
is formed by frame-plating in the vicinity of the connection 
layer 25 and is patterned in the shape of a 'spiral of a 
predetermined number of windings. A planarizing layer 31 
composed of a conductive material such as Cu is formed on a 
connection end 27a of the coil layer 27 located near the 
center of the windings . 

The coil layer 27 and the planarizing layer 31 are 
coated by insulating layers 32 composed of an organic 
material such as a resist material and are further coated by 
an insulating layer 33. 

The insulating layer 33 is preferably composed of at 



least one inorganic insulative material. Examples of the 
inorganic insulative material are A10, Al 2 0 3 , Si0 2 , Ta 2 0 5 , 
TiO, A1N, AlSiN, TiN r SiN, Si 3 N 4 , NiO, WO, W0 3 , BN , CrN, and 
SiON. 

The surface (top face) 25a of the connection layer 25, 
the surface (top face) 31a of the planarizing layer 31, and 
the surface (top face) 33a of the insulating layer 33 are 
subjected to a planarization process. The planarization 
process is, as described below, performed by chemical 
mechanical polishing (CMP) . 

In the first embodiment, a yoke layer 35 is formed on 
the permanent magnetic layer 33. As shown in Fig. 1, a 
front end face 35a of the yoke layer 35 is disposed in a 
region inward (the Y direction in the drawing) from the 
opposing face Hla. A rear portion 35c of the yoke layer 35 
is formed on the top face of the connection layer 25 and is 
thereby magnetically coupled to the connection layer 25. 
Since the insulating layer 33 under the yoke layer 35 is 
planarized, the yoke layer 35 can be patterned with high 
precision . 

In this embodiment, the front end face 35a is formed 
into a flat face or a curved face tilting from the bottom 
left to the top right in the drawing. Such an arrangement 
simplifies formation of a main pole layer 24 extending from 
the end of the insulating layer 33 at the opposing-f ace Hla 
side to a portion of the yoke layer 35 by plating, as 
described below. Moreover, the flux flow from the yoke 
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layer 35 to the main pole layer 24 can be moderated, and the 
magnetic flux can travel with high efficiency. 

As shown in Fig. 1, a lead layer 36 is formed on the 
surface 31a of the planarizing layer 31 to supply recording 
current from the lead layer 36 to the planarizing layer 31 
and the coil layer 27. The lead layer 36 and the yoke layer 
35 may be composed of the same material and may be formed 
simultaneously by plating. 

As shown in Fig. 1, the main pole layer 24 composed of 
a magnetic material such as NiFe is formed over a region of 
the insulating layer 33 extending from the opposing face Hla 
to the front end face 3 5a and over a portion of the yoke 
layer 35. A nonmagnetic layer 40 is formed over the main 
pole layer 24. Front end faces 24a and 40a of the main pole 
layer 24 and the nonmagnetic layer 40, respectively, are 
exposed at the opposing face Hla. 

In the embodiment shown in Fig. 1, the main pole layer 
24 and the nonmagnetic layer 40 are each formed to have a 
length L3 in the height direction from the opposing face Hla. 
No limitation is imposed as to the length L3 as long as the 
main pole layer 24 and the yoke layer 35 overlap each other 
at least partly and are magnetically connected. The lengths 
of the main pole layer 24 and the nonmagnetic layer 40 in 
the height direction may be increased. For example, the 
main pole layer 2 4 and the nonmagnetic layer 40 may be 
extended up to a rear end 35b of the yoke layer 35. 

Referring to Fig. 1, the nonmagnetic layer 4 0 and the 
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yoke layer 35 are coated by the protective layer 13. 

Fig. 2 is a vertical cross-sectional view of a magnetic 
head incorporating a perpendicular magnetic recording head 
according to a second embodiment of the present invention. 

This perpendicular magnetic recording head differs from 
that shown in Fig. 1 particularly in the structure of the 
yoke layer 35. In Fig. 2, the yoke layer 35 is formed on 
the top face 33a of the insulating layer 33 , and the rear 
portion 35c of the yoke layer 35 is formed on the top face 

h* 25a of the connection layer 25. The rear portion 35c and 

□ 

!;3 the connection layer 25 are magnetically connected. 

FU 

Ln As shown in Fig. 2, the front end face 35a of the yoke 

i"* 

,.JS layer 35 is disposed at some distance inward in the height 

w 

»;. direction (the Y direction in the drawing) from the opposing 

iij face Hla and is not exposed at the opposing face Hla. 

hi 

[<g The front end face 35a is formed into a flat face or a 

lT curved face tilting from the top left to the bottom right in 

the drawing. The external angle 8 defined by the front end 
face 35a and the top face is preferably 90° or more. At 
such an angle, a magnetic field leaking from the main pole 
layer 24 to the yoke layer 35 described below can be 
minimized, and the magnetic field can be concentrated to the 
main pole layer 24. 

As shown in Fig. 2, a second insulating layer 57 fills 
the gap between the front end face 35a and the opposing face 
Hla. The second insulating layers 57 are also formed at the 
regions adjacent to two side faces of the yoke layer 35 in 
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the track width direction, i.e., the X direction in the 
drawing, and at the region behind the yoke layer 35. 

In Fig. 2, the second insulating layer 57 located in 
front of the front end face 35a of the yoke layer 35 is 
exposed at the opposing face Hla. 

In this invention, the top faces of the second 
insulating layer 57 and the yoke layer 35 are subjected to 
CMP planarization. 

The second insulating layer 57 is preferably composed 
of at least one inorganic insulative material. Examples of 
the inorganic insulative material are A10, A1 2 0 3/ Si0 2 , Ta 2 0 5 
TiO, A1N, AlSiN, TiN , SiN, Si 3 N 4 , NiO, WO, W0 3 , BN , CrN, and 
SiON. 

In this invention, the main pole layer 24 is formed 
overlaying the second insulating layer 57 and the yoke layer 
35. Since the main pole layer 24 is formed on the 
planarized surface, the main pole layer 24 can be patterned 
with high precision. The front end 24a of the main pole 
layer 24 is exposed at the opposing face Hla. Although the 
yoke layer 35 in Fig. 2 is extended up to the top of the 
rear end 35b of the yoke layer 35, the length of the main 
pole layer 24 may be shorter as long as the yoke layer 35 
and the main pole layer 24 overlap each other at least 
partly and are magnetically connected. 

As shown in Fig. 2, the main pole layer 24 and the 
nonmagnetic layer 40 overlap each other, the nonmagnetic 
layer 40 being on the top of the main pole layer 24. The 
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nonmagnetic layer 40 also extends up to the rear end 35b of 
the yoke layer 35. 

Fig. 3 is a vertical cross-sectional view of a magnetic 
head incorporating a perpendicular magnetic recording head 
according to a third embodiment of the present invention. 

In Fig. 3, unlike in Figs. 1 and 2, the main pole layer 
24 is formed on the planarized insulating layer 33 and the 
nonmagnetic layer 40 is formed overlaying the main pole 
layer 24. The yoke layer 35 in this embodiment is 
integrated into the main pole layer 24 and the rear portion 
of the main pole layer 24 functions as the yoke layer 35. 
The yoke layer 35 and the connection layer 25 are 
magnetically connected. 

The shapes of the front ends 2 4a and 4 0a of the main 
pole layer 24 and the nonmagnetic layer 40, respectively, 
according to the present invention will now be described. 
Figs. 4 and 5 are partial front views of the perpendicular 
magnetic recording heads shown in Figs. 1 to 3 . 

As shown in Figs. 4 and 5, a plating base layer 71 is 
formed between the main pole layer 24 and either the 
insulating layer 33 or the second insulating layer 57 . The 
main pole layer 24 is grown on the plating base layer 71 by 
plating up to a predetermined height HI . 

As shown in Figs. 4 and 5, two side faces 24d of the 
main pole layer 24 are formed such that the width of the 
front end face 24a in the track width direction, i.e. , the X 
direction in the drawing, gradually increases toward the top 

- 24 - 



of the front end 24a. Preferably, the two sides in the 
track width direction of the front end face 24a are straight, 
as shown in Fig. 4, or curved, as shown in Fig. 5. 

As shown in Figs. 4 and 5, the width in the track width 
direction of the front end 40a of the nonmagnetic layer 40 
formed on the main pole layer 24 also increases toward the 
top of the front end 40a. As shown in Figs. 4 and 5, two 
side faces 40d of the nonmagnetic layer 40 and the two side 
faces 24d of the main pole layer 24 are on a continuous 

\,a plane The two side faces 40d of the nonmagnetic layer 40 

□ 

□ in Fig. 4 are flat and those in Fig. 5 are curved. 

ry 

iff Note that the track width Tw is regulated by the width 

.p of a top face 24g (the trailing end face) of the main pole 

l,U . 

« layer 24 in the track width direction, as shown in Figs. 4 

|y and 5 . 

[p One of the features of the present invention is that 

2 the nonmagnetic layer 40 is formed on the main pole layer 24. 

The nonmagnetic layer 4 0 functions as a cover for 
preventing the height of the main pole layer 24 from 
decreasing due to milling. 

As described below in relation with a manufacturing 
method, the plating base layer 71 must be formed in order to 
form the main pole layer 24 by plating according to the 
present invention. Since the plating base layer 71 is also 
formed in the region other than the region overlaid by the 
main pole layer 24, the step of removing the plating base 
layer 71 formed in the region other than the region overlaid 
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by the main pole layer 2 4 is necessary. The plating base 
layer 71 is removed, for example, by milling. 

In removing the unnecessary portion of the plating base 
layer 71 by milling, the top face of the nonmagnetic layer 
40 as well as the plating base layer 71 will be milled since 
the nonmagnetic layer 40 is formed on the main pole layer 24 
in this invention. Thus, the height HI of the main pole 
layer 24 does not decrease. In other words, the unnecessary 
plating base layer 71 can be removed while maintaining the 
height HI at a predetermined height. 

Removal of the unnecessary portion of the plating base 
layer 71 will cause the material constituting the plating 
base layer 71 to adhere to the two side faces 2 4d of the 
main pole layer 24 in the track width direction (the X 
direction in the drawing) . Even when a milling process is 
performed in an inclined direction to remove these adhered 
layers, only the top face of the nonmagnetic layer 40, i.e. 
not the main pole layer 24, will be removed along with the 
adhered layers. Thus, the height HI of the main pole layer 
2 4 does not decrease, and the adhered layers can be removed 
while maintaining the height HI at a predetermined height. 

Moreover, when the two side faces 24d of the main pole 
layer 24 are removed by milling in an inclined direction, 
the track width Tw regulated by the width of the top face 
24g (trailing end face) of the main pole layer 24 can be 
made smaller, contributing to the manufacture of a narrow- 
track perpendicular magnetic recording head. Since only the 
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top face of the nonmagnetic layer 40 is milled along with 
the two side faces 24d in the milling step, the track can be 
made smaller while maintaining the height HI of the main 
pole layer 24 at a predetermined height. 

In this invention, the layers of the material 
constituting the plating base layer 71 adhering to the two 
side faces 24d of the main pole layer 24 can be removed and 
the track width can be reduced without decreasing the height 
of the main pole layer 24. 

In other words, in this invention, the height and the 
track width in the track width direction of the main pole 
layer 24 can be independently controlled. The height of the 
main pole layer 24 can be defined as the height of the main 
pole layer 2 4 grown by plating; the width in the track width 
direction can be controlled by milling. 

Thus, according to the present invention, the height Hi 
and the track width Tw of the main pole layer 24 can be set 
at predetermined dimensions, and the front end face 24a of 
the main pole layer 24 can be suitably controlled to be 
within a predetermined area. The track width can be 
minimized, and various characteristics such as overwrite 
characteristics can be improved. 

Preferably, the nonmagnetic layer 40 is composed of a 
nonmagnetic metal material. Examples of the nonmagnetic 
metal material are NiP, NiCu, NiMn, NiW, NiB, Pd, Rh, Ru, Au, 
and Cu. More preferably, the nonmagnetic layer 40 is 
composed of NiP. 



When the above nonmagnetic metals are used, the main 
pole layer 2 4 and the nonmagnetic layer 4 0 can be 
sequentially formed by plating, thus simplifying the 
manufacturing process. 

When the nonmagnetic layer 4 0 is formed by plating, the 
thickness of the nonmagnetic layer 40 can be suitably 
controlled. Since the top face of the nonmagnetic layer 40 
is milled during the milling step as described above, the 
thickness of the nonmagnetic layer 40 must be sufficiently 
large. A plating process is suitable for making the 
nonmagnetic layer 40 having a sufficient thickness. 

When the nonmagnetic layer 40 is composed of NiP , not 
only are continuous plating and simplification of the 
manufacturing process possible, as described above, but also 
the resulting nonmagnetic layer 40 will exhibit a superior 
heat resistance and satisfactory adhesiveness to the main 
pole layer 24. Moreover, the resulting nonmagnetic layer 40 
will have the same hardness as the main pole layer 24. Thus, 
the processing rates such as milling rates of the 
nonmagnetic layer 40 and the main pole layer 24 can be made 
uniform, thereby improving processability . 

Alternatively, the nonmagnetic layer 40 may be composed 
of a common nonmagnetic material such as Al 2 0 3 . In this case 
the nonmagnetic layer 40 will be formed by sputtering: 

In the perpendicular magnetic recording head shown in 
Figs. 1 and 2 of the present invention, the main pole layer 
24 and the yoke layer 35 may be formed separately. Thus, 



the main pole layer 24 and the yoke layer 35 can be composed 
of different materials. In such a case, the magnetic 
materials are preferably selected such that the saturation 
magnetic flux density of the main pole layer 24 is higher 
than that of the yoke layer 35. With the main pole layer 24 
composed of a magnetic material having a higher saturation 
magnetic flux density than that of the yoke layer 35, a 
high-density magnetic flux <E> in the perpendicular direction 
can be applied to the hard layer Ma from the main pole layer 
24 having a smaller track width Tw and thickness. Thus, the 
overwriting characteristics are improved. 

The main pole layer 24 and the yoke layer 35 are 
composed of a magnetic material such as Ni-Fe, Co-Fe, Ni-Fe- 
Co, and the like. When the main pole layer 24 and the yoke 
layer 35 are composed of the same material, the composition 
ratio of the selected material may be changed to yield 
different saturation magnetic flux densities between these 
two layers . 

In the present invention, the width in the track width 
direction of the front end face 24a of the main pole layer 
24 gradually increases from the bottom toward the top. For 
example, the two sides in the track width direction of the 
front end face 24a are straight or curved and are tilted, 
thereby forming the front end face 2 4a substantially having 
the shape of an inverted trapezoid. Referring now to Fig. 
11, when the two sides of the front end face 24a of the main 
pole layer 24 are straight or curved and the front end face 



24a substantially has the shape of an inverted trapezoid, 
the side faces 24d indicated by (iii) will not protrude from 
a recorded track width Twl even when a skew angle is 
generated relative to the tangential direction with respect 
to motion of the recording medium (the Z direction in the 
drawing), as shown by broken lines, during recording. Thus, 
the fringing caused by the two side faces 24d can be 
prevented, and off-track performance can be improved. 

Fig. 30 is a front view of a conventional main pole 
\.& layer 5 shown in Fig. 28. The main pole layer 5 has an end 

i;5 face 5a of a square or rectangular shape, as shown in Fig. 

i : y 

IP 30. When a skew angle is generated between the end face 5a 

B g of the main pole layer 5 and the tangential direction with 
respect to motion of the recording medium (the Z direction 

!iy in the drawing) , the sides 5b of the main pole layer 5 apply 

i!^ a leakage magnetic field to the recorded track width Twl in 

; j f an inclined direction, as shown by the broken lines, thus 

;-.=5. 

causing fringing F. Consequently, the off-track performance 
is degraded. 

In view of the above, preferably, the front end face 
24a of the main pole layer 24 substantially has the shape of 
an inverted trapezoid. 

The material and the shape of the plating base layer 71 
shown in Figs. 4 and 5 will now be described. 

In forming the plating base layer 71 composed of a 
magnetic material such as NiFe , two side faces 71b of the 
plating base layer 71 and the two side faces 24d of the main 
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pole layer 24 are preferably on a continuous plane. That is, 
the width of the top face of the plating base layer 71 in 
the track width direction is the same as that of a bottom 
face 24i of the main pole layer 24. The width of the 
plating base layer 71 in the track width direction may be 
maintained the same as that of the bottom face 24i of the 
main pole layer 24 or may gradually decrease toward the 
bottom base of the plating base layer 71. 

With the width of the front end face 24a of the main 
pole layer 24 gradually increasing from the bottom to the 
top, fringing can be suitably prevented even when a skew 
angle is generated. If no skew angle is generated, fringing 
can be prevented even when the front end face 24a of the 
main pole layer 24 is in the shape of a square or rectangle. 

Referring to Fig. 4, even when the two side faces 71b 
of the plating base layer 71 in the track width direction 
(the X direction in the drawing) and the two side faces 24d 
of the main pole layer 24 in the track width direction are 
on a continuous plane, at least part of the side faces 71b 
of the plating base layer 71 may sometimes be formed beyond 
ends 24j of the bottom face 24i of the main pole layer 24 in 
the track width direction depending on the accuracy of the 
milling process. 

Alternatively, as shown by the broken lines in Fig. 4, 
the entire side faces 71b of the plating base layer 71 may 
be formed beyond the ends 24j of the bottom face 24i of the 
main pole layer 24 in the track width direction. 



In the above cases, the extended portions of the 
plating base layer 71 beyond the recorded track width Twl 
will cause fringing if a skew angle is generated during 
recording (refer to Fig. 11) . This is also the case even 
when the front end face 24a of the main pole layer 24 is 
formed with its width in the track width direction 
increasing towards the top. 

Fig. 26 is a graph showing magnetic recording 
characteristics of the perpendicular magnetic recording head 
U as determined by a micro track profiling method. In this 

1:3 

□ recording head, the plating base layer 71 is composed of a 

ry 

i,ff magnetic material and remains in the regions other than the 

,,p region overlaid by the main pole layer 24. 

i'y 

In the micro track profiling method, a read element 
pg such as a magnetoresistive element scans a recording medium 

j'g on which signals are recorded in micro tracks in the track 

" width direction to readout the signals and to determine the 

i— 

intensity distribution of the recorded signals on the 
recording tracks in the track width direction. 

As shown in Fig. 26, when the plating base layer 71 
composed of a magnetic material extends beyond the region 
under the main pole layer 24, both peaks of a main signal Sm 
and a side signal Ss appear on the recording tracks due to 
the skew angle. The side signal Ss is fringing caused by 
the portion of the plating base layer 71 extending beyond 
the recorded track width Twl . 

As described above, when the plating base layer 71 is 
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composed of a magnetic material and. the side faces 71b of 
the plating base layer 71 extend beyond the ends 24 j of the 
bottom face 24i of the main pole layer 24, as shown in Fig. 
4, fringing is readily generated. However, if the extended 
portion is of such a size that the plating base layer 71 
does not extend beyond the recorded track width Twl when a 
skew angle is generated during recording, fringing can be 
prevented . 

Thus, in forming the plating base layer 71 composed of 
a magnetic material, the milling accuracy should be suitably 
controlled to reduce the extended portions of the plating 
base layer 71 as much as possible so that when a skew angle 
is generated during recording, the extended portions will 
still be within the recorded track width Twl. 

In contrast, when the plating base layer 71 is composed 
of a nonmagnetic metal material such as Cu , the extended 
portions of the plating base layer 71 need not to be 
considered. The plating base layer 71 composed of a 
nonmagnetic metal material does not perform recording. Thus, 
even when a skew angle is generated and the plating base 
layer 71 is extended beyond the recorded track width Twl, no 
fringing is generated, and off-track characteristics are 
improved . 

Fig. 27 is a graph showing the magnetic recording 
characteristics of another perpendicular magnetic recording 
head determined by the micro track profiling method. In 
this recording head, the plating base layer 71 is composed 



of a nonmagnetic material and extends beyond the region 
under the main pole layer 24. 

As shown in Fig. 27, although the plating base layer 71 
composed of a nonmagnetic material remains in the region 
other than the region under the main pole layer 24, only a 
peak of a main signal Sm appears on the recording track and 
no side signal Ss, i.e., fringing, is detected. 

Accordingly, the plating base layer 71 is preferably 
composed of a nonmagnetic metal material since the milling 

!>«fc process can be easily controlled. 

□ 

□ Next, the shape of the main pole layer 24 and the yoke 

in layer 35 as viewed from the top will be described. The 

description below is applicable to both perpendicular 
magnetic recording heads shown in Figs . 1 and 2 . 

?y As shown in Fig. 6, in the yoke layer 35, the width Wy 

in the track width direction is smaller in a front region 

l± 35d near the opposing face Hla and gradually increases 

toward a rear region 35e. The main pole layer 24 is 
provided on the front region 35d. The width Wy of the front 
region 35d in the track width direction (the X direction in 
the drawing) is larger than the track width Tw. 

As shown in Fig. 6, the top face (trailing end) of the 
front end face 24a of the main pole layer 24 is regulated by 
the track width Tw . The main pole layer 24 extends in the 
height direction, the width thereof being maintained at the 
track width or being slightly larger than the track width. 
The length of the main pole layer 24 in the height direction 



- 34 - 



is small. 

In this invention, the front end face 24a of the main 
pole layer 24 exposed at the opposing face Hla needs to be 
larger than the area of the front end face 21b of the 
auxiliary pole layer 21. For example, as shown in Fig. 6, 
the width Wr of the auxiliary pole layer 21 in the track 
width direction is, preferably, substantially larger than 
the track width Tw. 

Referring now to Fig. 7, the yoke layer 3 5 without the 
front region 3 5d has the width Wy gradually increasing 
toward the back side. The main pole layer 24 is disposed on 
the yoke layer 35. 

As shown in Fig. 7, the top face (trailing end) of the 
front end face 24a of the main pole layer 24 is regulated by 
the track width Tw. The main pole layer 2 4 extends in the 
height direction, the width thereof maintaining the track 
width or being slightly larger than the track width. The 
length of the main pole layer 24 in the height direction is 
small . 

The yoke layer 35 shown in Fig. 8 has substantially the 
same shape as that shown in Fig. 7. The width of the rear 
region 24e of the main pole layer 24 gradually increases, 
and the rear region 24e is disposed on the yoke layer 35. 
Alternatively, the yoke layer 35 may be formed closer to the 
opposing face Hla, and a portion of a front region 24f 
having the shape of a narrow strip may be disposed on the 
yoke layer 35. 



Moreover, a front region 35d shown in Fig. 6 may be 
formed in the yoke layer 35. 

The yoke layer 35 shown in Fig. 9 has the same shape as 
that shown in Figs. 7 and 8. The width of the rear region 
24e of the main pole layer 24 gradually increases toward the 
rear side and extends by a large amount in the height 
direction (the Y direction in the drawing) . The rear region 
24e may be extended up to the rear end 35b of the yoke layer 
35, as shown in Fig. 2. 

The yoke layer 35 may be provided with the front region 
35d shown in Fig. 6. Moreover, the main pole layer 24 may 
be without the rear region 24e having a gradually increasing 
width and may include a front region 24f extending in the 
height direction and having the shape of a narrow strip 
maintaining a track width Tw or a width slightly larger than 
the track width. 

All the yoke layers 35 shown in Figs. 6 to 9 are 
provided with a region having a width Wy gradually 
increasing toward the rear side. In the overlapping region 
of the yoke layer 35 and the main pole layer 24, the width 
of the yoke layer 35 in the track width direction is larger 
than the width of the main pole layer 24 in the track width 
direction . 

The thickness of the yoke layer 35 may be the same as 
that of the main pole layer 24. Alternatively, as shown in 
Fig. 2, the thickness H6 of the yoke layer 35 may be larger 
than the thickness H5 of the main pole layer 24. 
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As a result, at the overlapping region of the yoke 
layer 35 and the main pole layer 24, the cross section of 
the yoke layer 35 taken along the direction parallel to the 
opposing face Hla is larger than that of the main pole layer 
24. Thus, a recording magnetic field can be suitably 
introduced from the yoke layer 35 to the main pole layer 24, 
thus improving the magnetic flux transmission efficiency and 
overwrite characteristics. 

In a structure where the main pole layer 24 and the 

|.a yoke layer 35 are separately formed, as shown in Figs. 1 and 

G 

p 2, the main pole layer 24 is preferably provided with the 

i ; u 

m front region 24f having the shape of a narrow strip and 

j* 

it p having a substantially large length. In this manner, the 

Id 

s . width of the entire front region 24f can be accurately 

jiy formed to have the track width Tw by patterning. Moreover, 

by forming the yoke layer 35 as close to the opposing face 
Hla as possible, the magnetic saturation of the main pole 
layer 24 can be inhibited, and the magnetic flux can be 
concentrated to the main pole layer 24. 

It should be noted that the shapes of the main pole 
layer 24 and the yoke layer 35 shown in Figs. 6 to 9 are 
merely examples and do not pose limitations as to the shapes 
of these layers. In this invention, the shapes of the main 
pole layer 24 and the yoke layer 35 may be any shape as long 
as the cross section of the yoke layer 35 taken along the 
direction parallel to the opposing face Hla is larger than 
that of the main pole layer 24 at the overlapping region of 
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the main pole layer 2 4 and the yoke layer 35. 

Fig. 10 is a plan view of the perpendicular magnetic 
recording head shown in Fig. 3. The front end face 24a has 
a width corresponding to the track width. The main pole 
layer 24 has the shape of a narrow strip, the width thereof 
being maintained at the track width or a width slightly 
larger than the track width. The yoke layer 3 5 extends from 
the rear end of the main pole layer 24 and has a width in 
the track width direction, i.e., the X direction in the 
drawing, which gradually increases towards the back side. 

In each of the perpendicular magnetic recording heads 
shown in Figs. 1 to 3 , a recording current supplied to the 
coil layer 27 through the lead layer 3 6 induces a recording 
magnetic field in the auxiliary pole layer 21 and the yoke 
layer 35. As shown in Figs. 1 to 3, at the opposing face 
Hla, a leakage recording magnetic field from the front end 
face 24a of the main pole layer 24 and from the front end 
face 21b of the auxiliary pole layer 21 passes through the 
hard layer Ma and the soft layer Mb of the recording medium 
M. Since the area of the front end face 24a of the main 
pole layer 24 is sufficiently smaller than the area of the 
front end face 21b of the auxiliary pole layer 21, the 
magnetic flux <3> of the leakage recording magnetic field is 
concentrated at the front end face 24a of the main pole 
layer 24. The concentrated magnetic flux 4> magnetizes the 
hard layer Ma in the perpendicular direction to record 
magnetic data. 
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A method for manufacturing the perpendicular magnetic 
recording head according to the present invention will now 
be described. Figs. 12 to 25 are diagrams showing the steps 
for manufacturing the perpendicular magnetic recording head 
of the present invention. Figs. 12 to 14 illustrate the 
steps common to the perpendicular magnetic recording heads 
shown in Figs . 1 to 3 . 

In the step shown in Fig. 12, after the formation of 
the auxiliary pole layer 21 composed of a magnetic material 
on the nonmagnetic insulating layer 12, the region behind 
the auxiliary pole layer 21 in the height direction is also 
filled with the nonmagnetic insulating layer 12. 
Subseguently , the surfaces of the auxiliary pole layer 21 
and the nonmagnetic insulating layer 12 are planarized by 
CMP or the like. 

Next, the connection layer 25 is formed on the rear 
portion of the auxiliary pole layer 21 in the height 
direction by plating. The insulating underlayer 26 is 
formed over the surfaces of the auxiliary pole layer 21, the 
connection layer 25, and the nonmagnetic insulating layer 12 
by sputtering. 

As shown in Fig. 13, the coil layer 27 is then formed 
on the insulating underlayer 2 6 by a frame plating method, 
and the planarizing layer 31 is formed thereon by plating. 
The coil layer 27 is formed sufficiently lower than the 
connection layer 25. The coil layer 27 and the planarizing 
layer 31 are coated with the insulating layer 32. An 



inorganic material is sputtered to form the insulating layer 
33 covering all the layers. 

Next, all the deposited layers shown in Fig. 13 are 
subjected to polishing from the top in the drawing by the 
CMP method or the like. Polishing is performed down to a 
horizontal plane (L-L plane) crossing over the insulating 
layer 33 , the connection layer 25, and the planarizing layer 
31. 

After the polishing ,. as shown in Fig. 14, the surface 
25a of the connection layer 25, the surface 33a of the 
insulating layer 33, and the surface 31a of the planarizing 
layer 31 are flush with one another. 

The above described steps are common to all the 
embodiments. A method for manufacturing a perpendicular 
magnetic recording head having the structure shown in Fig. 1 
will now be described. 

Fig. 15 is a plan view showing the step of forming a 
resist layer 73 on the insulating layer 33. After the 
resist layer 73 is formed on the insulating layer 33, an 
opening 73a having the shape of the yoke layer 35 is formed 
by exposure and development. The opening 73a is constituted 
from a yoke pattern 73c in which the yoke layer 35 is formed 
and a common pattern 73d arranged behind the yoke pattern 
73c. A front end face 73b of the opening 73a is some 
distance inward from the opposing face Hla as viewed in the 
height direction (the Y direction in the drawing) . The yoke 
pattern 73c of the opening 73a extends up to the connection 
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layer 25. 

Next, a plating base layer 72 is deposited inside the 
opening 73a by sputtering and the resist layer 73 is removed. 

In the step shown in Fig. 16, a resist layer 74 is 
formed on the common pattern 73d, and the yoke layer 35 is 
grown by plating on the plating base layer 72 formed on the 
yoke pattern 73c not covered by the resist layer 74. 
Subsequently, the resist layer 74 and the plating base layer 
72 on the common pattern 73d are removed. The perpendicular 
magnetic recording head at this stage is illustrated in a 
vertical cross-sectional view of Fig. 17. 

As shown in Fig. 17, the front end face 35a of the yoke 
layer 35 formed by plating on the plating base layer 72 is 
deformed so that the front end face 35a is flat or curved 
and tilts from the bottom left to the top right as viewed in 
the height direction (the Y direction in the drawing) . The 
front end face 35a of the yoke layer 35 deforms because the 
region in front of the yoke pattern 73c is open, i.e., the 
region is not covered by the resist layer 74. 

When the front end face 35a is flat or curved and tilts 
in the height direction (the Y direction in the drawing) 
from the bottom left to the top right, the main pole layer 
2 4 can be easily formed in the subsequent step. Moreover, 
the efficiency of the flow of the magnetic flux from the 
yoke layer 35 to the main pole layer 24 can be improved. 

Preferably, although not shown in Fig. 17, the lead 
layer 36 is formed by plating on the top face 31a of the 



planarizing layer 31 during the steps shown in Figs. 15 and 
16. 

Fig. 18 is a plan view showing the subsequent step. In 
this step, the plating base layer 71 is formed over the yoke 
layer 35 and the insulating layer 33 surrounding the yoke 
layer 35 by sputtering. A resist layer 75 is then formed on 
the plating base layer 71, and an opening 75a for forming 
the main pole layer 24 is formed in the resist layer 75 by 
exposure and development. 
\. & As shown in Fig. 18, a front end face 75b of the 

q opening 7 5a is flush with the opposing face Hla, and the 

ru 

iH opening 7 5a extends over the yoke layer 35. In this step, a 

£ rear end face 75d of the opening 7 5a may extend further in 

UJ 

J the height direction (the Y direction in the drawing) as 

U 

j,3s shown by one-dot chain lines. 

The resist layer 75 of this invention has the shape 
shown in Fig. 19 when viewed from the opposing-f ace-Hla side. 

As shown in Fig. 19, inner side faces 75e of the 
opening 75a formed in the resist layer 75 are formed in such 
a manner that the width in the track width direction (the X 
direction in the drawing) gradually increases from the 
bottom to the top (the Z direction in the drawing) . The 
inner side faces 75e may be curved, as shown in Fig. 19, or 
flat. 

In order to form the opening 7 5a having the flat or 
curved inner side faces 75e in the resist layer 75, the 
resist layer 75 is first applied, the opening 75a is formed 
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by exposure and development, and the inner side faces 75e of 
the opening 75a are deformed by annealing. 

Next, as shown in Fig. 20, the main pole layer 2 4 is 
grown by plating on the exposed plating base layer 71 inside 
the opening 75a up to a predetermined layer thickness HI. 

In the present invention, the nonmagnetic layer 40 
composed of nonmagnetic metal material such as NiP is grown 
by plating on the main pole layer 24. The resist layer 75 
is then removed. 

The nonmagnetic layer 40 is preferably composed of a 
NiP alloy having a P concentration in the range of 8 percent 
by mass to 15 percent by mass. The nonmagnetic layer 40 
composed' of such an alloy can stably remain nonmagnetic 
against external factors such as exothermic heat. The 
composition of the alloy such as a NiP alloy constituting 
the nonmagnetic layer 4 0 can be determined using an X-ray 
dif f ractometer or a wavelength-dispersive X-ray 
dif f ractometer used in combination with a SEM or TEM, for 
example . 

Fig. 21 is a diagram showing the main pole layer 24 and 
the nonmagnetic layer 40 after removal of the resist layer 
75. As shown in Fig. 21, the main pole layer 24 and the 
nonmagnetic layer 40 having the width in the track width 
direction gradually increasing toward the top are deposited 
on the plating base layer 71. Two side faces of these 
layers may be flat or curved as shown in Fig. 21. 

As shown in Fig. 21, since the plating base layer 71 is 
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formed not only in the region overlaid by the main pole 
layer 24 but also in the regions other than the overlaid 
region, the plating base layer 71 in these regions needs to 
be removed. 

In the step shown in Fig. 21, the plating base layer 71 
in the regions other than the region overlaid by the main 
pole layer 24 is removed by anisotropic ion milling. During 
this step, the top face 40e of the nonmagnetic layer 40 is 
also milled. 

Referring to Fig. 22, a portion 71a of the plating base 
layer 71 removed by milling adheres to the two side faces 
24d and 40d of the main pole layer 24 and the nonmagnetic 
layer 40, respectively, as indicated by arrows C, to form 
adhered layers 76. These adhered layers 7 6 are removed by 
anisotropic ion milling. The top face 40e of the 
nonmagnetic layer 40 is further milled during this step. 

As described above, since the nonmagnetic layer 40 is 
provided on the main pole layer 24 in the present invention, 
the height HI of the main pole layer 24 is not affected by 
ion milling. 

As shown by a one-dot chain line in Fig. 22, the height 
HI of the main pole layer 24 does not decrease even when the 
track width Tw defined by the top face 24g (the trailing end 
face) of the main pole layer 24 is reduced by further 
milling the two side faces 24d and 40d of the main pole 
layer 24 and the nonmagnetic layer 40, respectively. 

According to the manufacturing method of the present 
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invention, the portion 71a and the adhered layers 7 6 can be 
removed and the track width can be reduced while maintaining 
the height HI of the main pole layer 24 at a predetermined 
height . 

In the present invention, ion milling is preferably 
performed at an angle in the range of 45° to 70° relative to 
the normal of the plating base layer 71. 

At a milling angle in the range of 45° to 60°, the 
removal of the adhered layers 7 6 and reduction of the track 
width can be completed in a single ion milling step, thereby 
simplifying the manufacturing process. 

In a case where milling of only the two side faces 24d 
of the main pole layer 24 is desired, the milling angle 
should be in the range of 60° to 70° relative to the normal 
of the plating base layer 71. 

In the present invention, the height HI of the main 
pole layer 24 is preferably in the range of 0.25 Urn to 0.5 
Um. In this invention, the height Hi can be controlled 
during the step of growing the main pole layer 24 by plating 
shown in Fig. 20. 

In the present invention, the track width Tw of the 
.main pole layer 24 is preferably 0.7 um or less, and, more 
preferably, 0.5 Um or less. If the width of the opening 75a 
formed in the resist layer 75 shown in Fig. 20 can be made 
substantially as small as the predetermined track width Tw, 
the track width Tw of the main pole layer 24 can be defined 
during the step of growing the main pole layer 2 4 by plating. 
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If the width of the opening 7 5a cannot be made substantially 
as small as the predetermined track width Tw, the two side 
faces 24d of the main pole layer 24 need to be milled during 
the step of ion milling shown in Fig. 22 to set the track 
width Tw at a predetermined width. Note that even when the 
track width Tw is defined during the step of growing the 
main pole layer 24 in the opening 75a of the resist layer 75 
by plating, the milling step is still necessary in order to 
remove the portion 71a of the underlayer 71 and the adhered 

j.4 layers 76 disposed on the two side faces 24d. 

b 

□ Accordingly, in the present invention, the height Hi of 

ji the main pole layer 2 4 and the track width Tw can be 

„P independently controlled and easily adjusted. 

jj v The plating base layer 71 for plating may be composed 

fy of a magnetic plating material or a nonmagnetic plating 

j-g ■ material. When a nonmagnetic metal material such as copper 

\i is used as the material of the plating base layer 71, the 

plating base layer 71 may slightly extend beyond the region 
under the main pole layer 24 and thus beyond the recorded 
track width Twl recorded in the recording medium when a skew 
angle is generated during recording. Thus, compared to the 
case where a magnetic plating material is used, the use of 
nonmagnetic plating materials in the plating base layer 71 
will facilitate etching control. 

With the plating base layer 71 composed of nonmagnetic 
plating material, the adhered layers 76 provided on the two 
side faces of the main pole layer 24 need not be removed 
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because the track width Tw remains the same even with the 
adhered layers 76. However, the two side faces 24d of the 
main pole layer 24 may be milled to make a perpendicular 
magnetic recording head suitable for narrower track width. 

Figs. 23 to 25 are diagrams illustrating the steps for 
making the perpendicular magnetic recording head shown in 
Fig. 2. 

In the step shown in Fig. 23, a resist layer 64 is 
formed overlaying the top face 33a of the insulating layer 
33, the top face 25a of the connection layer 25, and the top 
face 31a of the planarizing layer 31. An opening 64a for 
the yoke layer 35 is then formed by exposure and development. 

As shown in Fig. 23, a front end face 64b of the 
opening 64a is formed some distance inward in the height 
direction from the opposing face Hla. A portion of the 
resist layer 64 between the front end face 64b and the 
opposing face Hla has a rear end face 64c tilting toward the 
opposing face Hla from the bottom right to the top left in 
the drawing. The rear end face 64c can be formed into such 
a shape by annealing and deforming the resist layer 64. The 
opening 64a extends over the connection layer 25. 

The yoke layer 35 is formed in the opening 64a by 
plating, and the resist layer 64 is then removed. The yoke 
layer 35 having the front end face 35a positioned inward in 
the height direction from the opposing face Hla is formed 
thereby. The front end face 35a is preferably a flat or 
curved face tilting in the height direction from the bottom 
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right to the top left in the drawing. The external angle 0 
defined by the front end face 35a and the top face is 
preferably 90° or more. The yoke layer 35 is magnetically 
coupled to the connection layer 25. 

After the removal of the resist layer 64, plating base 
layers not shown in the drawing formed in the region other 
than the region overlaid by the yoke layer 35 are etched 
away. 

In the step shown in Fig. 24, the second insulating 
layer 57 composed of an inorganic insulative material is 
formed over the yoke layer 35 and the insulating layer 33. 
The second insulating layer 57 is subjected to CMP 
planarization down to line M-M shown in Fig. 24 so that the 
top face of the second insulating layer 57 is flush with the 
top face of the yoke layer 35. 

Next, in the step shown in Fig. 25, the main pole layer 
24 and the nonmagnetic layer 40 are formed by plating in a 
manner similar to that shown in Figs. 18 to 20. As shown in 
Fig. 25, the resist layer 75 is formed over the second 
insulating layer 57 and the yoke layer 35, and the opening 
75a for the main pole layer 24 is formed in the resist layer 
75. Since the top faces of the second insulating layer 57 
and the yoke layer 35 both disposed under the resist layer 
7 5 are planarized, the opening 7 5a can be formed with high 
precision. 

As show in Fig. 25, the thickness of the resist layer 
75 is smaller than the thickness of the resist layer 64 in 
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the step shown in Fig. 23, and the front end face 7 5b of the 
opening 75a of the resist layer 75 is flush with the 
opposing face Hla. The rear end face 75d of the opening 75a 
is in contact with the rear end face of the yoke layer 35 to 
be flush with the yoke layer 35, as shown in Fig. 25. 
Alternatively, the rear end face 7 5d of the opening 7 5a may 
be positioned closer to the opposing face Hla. 

Next, the main pole layer 24 is formed by plating in 
the opening 7 5a, the nonmagnetic layer 4 0 is formed by 

],* plating on the main pole layer 24, and the resist layer 75 

P 

□ is removed. The front end face 2 4a is exposed at the 

m 

ijnj opposing face Hla, and the main pole layer 24, which is 

lid! 

p thinner than the yoke layer 35, is formed on the yoke layer 

5 35. 



ru 



Next, as in Figs. 21 and 22, the portion 71a is removed, 
the adhered layers 7 6 are removed, and the two side faces 
24d of the main pole layer 24 are milled to reduce the track 
width, all by ion milling. 

The perpendicular magnetic recording head shown in Fig. 
3 can be manufactured through the steps shown in Figs. 12 to 
14 and the steps shown in Figs. 23 to 25. 

In the present invention, the width in the track width 
direction (the X direction in the drawing) of the resist 
layer 75 shown in Fig. 19 may not gradually increase from 
the bottom to the top. The advantages of the present 
invention can still be achieved using the front end face 24a 
of the main pole layer 24 having the conventional shape of a 
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square or a rectangle. . 

Furthermore, although the reading regions H R are formed 
in the embodiments shown in Figs . 1 and 2 , the reading 
region H R may not always be formed. 

As described above, in the present invention, a 
nonmagnetic layer is superimposed on a main pole layer. 
Since the nonmagnetic layer functions as a protective layer 
for the main pole layer during milling, the layers adhering 
to the two side faces of the main pole layer during milling 
of the undesired portion of the plating base layer can be 
suitably removed and the track width Tw of the main pole 
layer can be reduced without affecting the height of the 
main pole layer. Thus, the width in the track width 
direction and the height of the main pole layer can be 
independently controlled. 

Accordingly, the front end face of the main pole layer 
having a predetermined track width Tw and height can be 
manufactured. The area of the front end face can be readily 
adjusted within a predetermined range, and various 
characteristics such as overwrite characteristics can be 
improved. 
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